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Abstract

The U.S. Strategic Petroleum Reserve (SPR) program coordinates the storage
of crude oil in underground salt caverns. Oil removal from these caverns
will be accomplished by injecting water into a brine volume located beneath
t h e  o i l , buoyantly displacing the oi l  upwards,  where it  wil l  then be
recovered through a production pipe located near the top of the cavern. The
critical question to be answered concerning this procedure was whether or
not the crude oil would protect the salt walls from dissolution upon ex-
posure to unsaturated brine following oil/brine interface passage. These
o i l / b r i n e / s a l t  i n t e r a c t i o n s  w e r e  e x p e r i m e n t a l l y  i n v e s t i g a t e d  i n  t h e
laboratory. Cylindrical cavities were created by machining (hollowing-out)
salt cores from one end, leaving the circular wall and bottom as an integral
piece. In each of four separate experiments, a salt cavity was placed ver-
t i c a l l y  i n  a  p r e s s u r e  v e s s e l  a n d  i t s  i n t e r i o r  f i l l e d  w i t h  c r u d e  o i l
overlying a saturated-brine “pocket”. The vessel was sealed and pressurized
to actual SPR-cavern pressure. Fresh water was injected down a tube and
into the brine pocket, displacing the oil upwards, where it was recovered
from the cavity through a second (production) tube near the top of the
vessel. A traversable gamma-beam densitometer was positioned above the ini-
t i a l  s a t u r a t e d - b r i n e / o i l  i n t e r f a c e  a n d  w a s  u s e d  a s  a  n o n - i n t r u s i v e
diagnostic to define the presence, or absence, o f  sa l t  d i s so lu t i on  ( cav i ty
shape change) during the transient oil-withdrawal process. Such measure-
ments showed the occurrence of salt-wall recession following interface
passage in all tests, i.e., crude-oil adherence, and/or penetration, at the
salt wall failed to protect the salt from dissolution upon its exposure to
unsaturated brine. Measured post-test cavity shapes corroborated the tran-
sient results. Both transient and steady-state measurements were found to
be in good agreement with numerical predictions generated via SANSMIC (the
Sandia  So lut i on -Min ing  Code )  once  the  assumpt ion  o f  “no o i l - l ayer
protectionl’ was invoked.
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beam diameter (cm)

unattenuated beam intensity  after  passage through

material(s) (particles/set)

unattenuated beam intensity at source exit

(particles/set)

average volumetric flowrate (cm3/min)

count rate (counts/set)

cavity radius (cm>

time (min>

average oil/brine interface velocity (m/hr)

vertical coordinate, measured from initial cavity bottom

(cm)

gamma-beam vertical coordinate, measured from platform

zero location (cm); X = XY - 5.84 cm

coordinate measured along beam pathlength (cm)

oil-layer thickness (cm>

salt-wall recession (cm)

gamma-beam linear attenuation coefficient (l/cm)

density (g/cm31

electronics system time constant (Wet)
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final interface location

interface

initial interface location; of material i with u or z
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o i l
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INTRODUCTION
The United States Strategic Petroleum Reserve consists of an under-

ground 011 storage system comprised of caverns which have been leached in

salt domes located in the Gulf Coast states of Louisiana and Texas. Some of

the cavern space, formed during commercial brining operations, was available

for 011 storage shortly after the SPR program began in the mid-1970’s.

However, since the available volume was less than that required for the

storage of 250 million barrels of 011, and a storage of up to one billion

barrels was contemplated, the Department of Energy (DOE) undertook an exten-

sive new cavern leaching program.

Since the end of 1978, Sandia National Laboratories has been serving as

a technical consultant to the DOE on various aspects of the SPR program, ln-

cludlng the cavern leaching and filling efforts. Early experimental and

theoretical work on salt dissolution rates and salt cavity formation

techniques l-7 led to the development of three numerical models to predict

solution mining processes7-9 . Of these three, the computer code of

Saberian’ was utilized early in the SPR program to help define initial

cavern leaching schedules.

Because there was an urgency to form and fill the reserve as rapidly as

possible, considerable attention was given to devising a leaching scheme

which would yield not only the desired size and shape of cavern, but would

do it in the shortest practical time, This appeared to be best accomplished

by using a f’leach-flll” strategy in which the cavern would be simultaneously

filled with oil as the leaching proceeded. To start the cavern, several

wells could be drilled and simultaneously leached until the cavities
coalesced to form the final storage volume. The majority of the final

volume would ultimately be filled with crude 011, overlying a small

saturated-brine pocket located at the cavern bottom. 011 withdrawal

from such caverns would be accomplished by injecting fresh water down a pipe

to a level below the Wlnltlal” saturated-brine/oil interface, buoyantly dis-

placing the 011 upwards, where it would then be removed through a production

pipe whose entrance was located near the top of the cavern (see Fig. 1).
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FIG. 1: SPR Cavern Oil-Withdrawal Schematic



Considering these leaching, filling, and withdrawal processes, it be-

came apparent that there was a need to numerically model “moving interface

problems” ( i. e. ) salt dissolution below an oil interface whose location

varies with time). Since the Saberian code7 was not structured to treat

such problems in an efficient manner, and since it would be necessary to

perform a very large number of computer simulations of these various

processes, a new code was developed10,ll . This code, called SANSMIC (the

Sandia Solution-Mining Code), utilizes the same dissolution model as the

Saberian code7 , but it includes new diffusion, plume 12,13 , and insolubles

models. It also incorporates an implicit numerical formulation which sig-

nificantly reduces computer run times. Cavern geometries are treated as

two-dimensional/axisymmetric.

Cavern shapes predicted to occur during solution-mining operations were

shown to be in favorable agreement with final cavern shapes measured via

sonar caliper techniques”“‘. It was noted, however, that for the oil-

withdrawal option, “at present there is no way to evaluate (the code’s)
accuracy. I1 This serious limitation stems from the fact that certain criti-

cal questions concerning the physics of oil/brine/salt interactions which

occur during oil withdrawal have yet to be answered.

As was noted above, the planned oil-withdrawal procedure calls for

fresh water to be injected into the cavern below the initial saturated- ,
brine/oil  interface. As this oil/brine interface rises, cavern surfaces

formerly covered by oil become exposed to unsaturated brine. If these
newly-exposed salt surfaces start to dissolve V1immediately,11  the cavern will

grow uniformly during each oil-withdrawal cycle. However, if  the oil  ad-
heres  to  and /or  penetrates  the  sa l t , thereby  protect ing  i t  f rom
dissolution, then only the lower portions of the cavern (which have never

been oil covered) will undergo shape change. Highly abnormal (Wndercutl)
cavern contours would thus result. This phenomenon could ultimately lead to
coalescence of adjacent caverns, collapse of unsupported salt volumes, and
surface subsidence problems.
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Although oil-recovery procedures noted herein have been successfully

demonstrated in the field (during short-time-duration tests), the quantity

of oil temporarily removed from the SPR cavern was insufficient to allow

resolution of this critioal issue. To investigate such complex transient
physical phenomena in a controlled and meaningful way in the laboratory

would require that experiments be conducted using the materials of interest,

subjected to conditions of interest, so as to most closely simulate the ac-

tual oil-withdrawal procedure. Furthermore, physical measurements should be

made in a non-intrusive manner in order to avoid interfering with the

fluid/solid interactions occurring in the near-wall reeyion.

Such experiments were undertaken as the principle objective of the

present research. In addition, salt cavity shape-change data were also ob-

tained in an effort to further validate the SANSMIC code.

12



EXPERIMENTAL APPROACH
The first task in the present research was to formulate an experimental

approach consistent with stated objectives. Figure 2 shows a schematic of

the apparatus which resulted.

Salt cores were machined hollow from one end, leaving the circular wall

and bottom as an integral piece. Nominal pretest dimensions were: OD =

9.17 cm, ID = 5.08 cm, cavity depth = 20.32 cm, and overall height = 22.86

cm. Each salt cavity was placed vertically in a pressure vessel with its

open end at the top. The cavity interior was filled with crude oil overly-

ing a saturated-brine pocket (details of pre-test procedures and test

conditions will be given later). A thin (.013 cm) layer of saturated brine

surrounded the external surfaces of the salt sample, providing a pressure-

equilibration mechanism throughout the vessel interior upon pressurization.

The test vessel was.pressurized from a commercially-available nitrogen

bottle, the test pressure being maintained constant by a pressure regulator

and adjustable bleed valve arrangement. The test pressure was transferred

to the working fluids at a nitrogen/water interface in a separate pressure

vessel.

Stainless steel tubing (ID = ,079 cm) was used for the injection and

withdrawal lines. For present tests, injection occurred at a vertical dis-

tance (X), measured from the cavity bottom, of 1.27 cm; withdrawal occurred
at X = 19.05 cm. The injection line was preflooded with fresh water, and

the exit line was preflooded with oil, prior to the start of each test.

A pre-calibrated flow-control valve on the exit line was opened to the

desired vernier setting at the start of each transient, allowing oil to

begin exiting the cavity as fresh water entered. Oil volumetric flowrate

was continually monitored and the needle valve adjusted (if required) to

maintain the exit flowrate  constant. Total oil volume collected during the

withdrawal time thus defined the average exit flowrate, cWD.

13
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At the completion of oil withdrawal, the water entry line was left

“opened” in order to maintain the cavity at a constant pressure until equi-

librium (saturated-brine) conditions were again achieved within the cavity

(as measured with the instrumentation system described below). Overall

change in liquid level (and thus volume) in the fresh-water reservoir was

then measured with the following result, QINJ = 1 .03 Two. The non-

equivalence of these two volumetric flowrates is due primarily to two

competing mechanisms which occur throughout the entire oil withdrawal
period, namely, water volumetric increases due to the addition of dissolved

salt veraus the slightly-larger volumetric increase of the cavity itself due

to this aame dissolution. (Minor factors which also contribute to this

empirically-defined relationship are (1) dissolvable impurities in the salt,

and (2) the constant-pressure post-withdrawal approach to equilibrium over a

finite time period.) Theoretically, for dissolution of pure NaCl in pure

H20, the constant of proportionality was calculated to be 1.03627.
Having defined the apparatus, it remained to select a viable inatrumen-

tation system which  could  be  used  to  invest igate  the  trans ient

oil/brine/salt interactions inside a pressurized salt cavity in a non-

intrusive manner. Gamma-beam denaitometry, currently being applied at

Sandia National Laboratories to study two-phase flows in porous media14 , was
chosen for use in the present experiment. In order to review the basic .
principles and components of this system, Fig. 3 was reproduced from Ref.
14. Aa will be shown below, this system was used to quantify the transient

interactions, as well as to measure resultant cavity shape change.

A Ceaium 137 pellet is housed in the source vault and emits gamma (Y>

particles of energy 0.662 MeV. These particles exit the Source vault

through a collimator tube of diameter d. For a 5-curie Source strength, and
d= 0.318 cm, the initial (unshielded) beam intensity IO was measured to be

1.2527 x 106Y/aec.

The interaction of gamma particles with matter is described by the ex-

ponential equation given in Fig. 3, where I is the beam intensity of

unattenuated particles exiting the teat chamber and uizi is the product of

15
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the total linear attenuation coefficient (pi) and the total integrated path

length through which the beam must pass (2,) for material i. The exit beam

is comprised of both unattenuated particles at 0.662 MeV and particles which

have been attenuated to lower energy states but are still in the beam path;

attenuated particles physically scattered out of the beam path do not enter

the detector collimator tube.
Gamma particles which enter the detector collimator tube strike a

Sodium Iodide crystal and are converted into visible photons. These photons

are detected by a photomultiplier tube which, together with a built-in

preamplifier, send a. voltage pulse to the counting electronics for each

photon detected. The magnitude of this voltage pulse is proportional to the

energy of the incoming gamma particle. A single-channel analyzer is then

used to discriminate pulse height, yielding a count rate R (counts/set)

which is proportional to the intensity of unattenuated particles, I. At

high particle fluxes, some pulses loverlapll  in time and are subsequently

lost to the counting electronics. The conversion of I into R is thus non-

linear, being dependent on the characteristic time constant ‘5 of the system

(see equation in Fig. 3).

An improved calibration technique for T(R), recently developed by Reda

and Hadley to replace techniques reported earlier14 , was used in this work.

Figure 4 summarizes this new approach, referred to as the llcontrast .
method. It Intensity IO is reduced to intensity I, by some “baseline”  at-

tenuation (any material(s) may be used for this purpose). A corresponding

count rate, R, , is then measured. The baseline intensity I, is then

“contrasted” by some known-thickness “slab” of material (preferably of a

known chemical composition , so that its theoretical u value is known, thus

suppl,ying an independent check on measured results; e.g., pure water). A

count rate, R2, corresponding to the contrasted intensity I2 (12<1,) is then

measured.

If one starts this procedure with a “sufficiently thick” pathlength of

baseline material(s), I,, and thus R, , will be small (=103 counts/set). In

this limit, system “deadtime goes to zero, i.e., R,+ I, and R2 + I~, allow-
ing P for the contrasting material to be measured directly (see equation at
the bottom of Fig. 4).
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By systematically reducing the thickness of the baseline material(s),
and by repeating the above procedure, data over the entire count-rate regime

of interest can be obtained. Algebraic manipulation of the two defining

equations for the system yields an explicit equation for ‘I in the range R2 5

R 5 R,, as a function of R,, R2 and pz for the contrasting material (all

quantities known). A Ifcalibrationlt curve for -c(R) can then be generated by

curve fitting the measured data (see Fig. 5; note, the horizontal bars on

the data points define the R2 + R, range measured in each contrast test).

Measurement accuracy of the gamma-beam system is discussed below. Two
effects introduce experimental uncertainties: (1) temperature variations in

the system electronics (primarily in the crystal and the photomultiplier

tube) can result in a “drift” of the mean signal, and (2) statistical varia-

tions in beam intensity (IO) cause a superimposed random lfnoiseV on the mean

signal. Concerning the first effect, the entire laboratory was temperature

controlled. In addition, the three components housed within the detector

vault (i.e., the crystal, photomultiplier tube, and preamplifier) were

wrapped by a cooling coil. Water from a constant-temperature bath was con-

tinuously circulated through this coil, maintaining thermal equilibrium.

Concerning the second effect, repeated measurements (made under constant-

attenuation conditions) showed maximum statistical variations in R to be

= 50 counts/second, consistent with error analyses 14 . Count rate variations
experienced during various segments of the transient oil-withdrawal experi-

ment were predicted (and ultimately measured) to be a500 to ~5000

counts/second, i.e., well above the system maximum noise level. The gamma-

beam system was thus proven to be a viable diagnostic technique for present

applications.

The measurement capabilities of the single-energy/single-beam system

can now be summarized. The count rate, R, resulting from beam passage

through the test vessel is measured. Knowing T(R) allows R to be converted
to I. For a known IO, the exponential law then allows the determination of
any pne unknown ui or zi value.
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In the present experiment (Fig. 21, a l l  in i t ia l  pathlengths  and

material attenuation coefficients would be previously measured. Thus,

during the transient oil withdrawal, if an oil layer adhered to the cavity

wall, then the one unknown would be the oil layer thickness (6). However,

if such a “protective” oil layer was not present l&O), then the salt sur-

f ace would undergo recession (~1, allowing this one unknown to be measured.

Either 15 or E would be the length scale of interest, each occurring only in
the absence of the other.

Certain criteria must be met for such measurements to be successfully

made during transient oil withdrawal:

(a) for E > 0 , then

(6 = 0) I
‘S + ‘B

UB = constant

(b) for 6 > 0 , then

1

‘0 + ‘B
(E = 0) uB = constant

Of these restrictions, pB - constant was most suspect, since sig-

nificant density (specific gravity) variations with time would most likely

occur at the fixed gamma-beam location during the transient oil withdrawal.

“Bench-  top” experiments were then undertaken, prior to building the ap-

paratus of Fig. 2, in order to address this and related issues. Results of

these pre-test experiments are discussed in the next section.
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PRE-TEST RESULTS

Salt cores used throughout the present research were taken from

deposits at Bryan Mound, Texas. This salt was found to possess 5% (by

weight > insoluble materials. Two crude oils, possessing densities of 0.872

and 0.813 g/cc, were supplied for use.

Preliminary experiments were conducted during this phase of the re-

search to investigate oil penetration into salt, as well as to quantify the
thickness of any oil layer which might form on salt cavity surfaces during

the proposed oil-withdrawal experiments. Two salt cylinders, each 5.08 cm

in diameter by 15.24 cm in length, were machined from supplied salt cores.

The first cylinder was placed in an existing autoclave and immersed in

saturated brine at 13.9 MPa for 2 days, followed by immersion in crude oil
at 13.9 MPa for 2 days. The second cylinder was immersed in oil only, at

13.9 MPa for 2 days. Photographs of post-test sections are shown in Fig. 6.

As can be seen, oil penetration into salt was found to be a strong
function of conditions existing within the material’s pore (or “grain bound-

aryll) space prior to its exposure to oil. In the first case, the pore
volume was pre-flooded with saturated brine , effectively limiting subsequent

oil penetration to the outermost regions of the sample (penetration depths

o f - 0.6 to 0.7 cm>. In the second case the pore volume was initially

ltdrytt, allowing the oil to completely flood the sample inter ior upon

pressurization.

In these tests, as in the subsequent oil-withdrawal experiments, the

salt samples were not mechanically loaded. Any existing micro-cracks and/or
grain boundaries linking the exterior of the salt to its interior would thus

remain open, providing favorable conditions for oil adherence/penetration.

Should the oil fail to protect the salt from dissolution under these

favorable (laboratory) conditions, it most certainly would exhibit the same
inability in the field (salt in actual caverns being lithostatically

loaded). Conversely, should the oil protect the unloaded salt from dissolu-
tion in the laboratory, extensions of such findings to the field would be

uncertain. In that case, additional (more-complex) experiments would have

to be performed using compressively-loaded salt samples.
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Of the two fluid-penetration procedures summarized in Fig. 6, case A

would be expected to produce salt samples which best simulated cavern condi-

t i ons  ( i . e . , salt preflooded with pressurized brine during cavern leaching,

fol lowed by exposure to  pressurized oi l  during cavern f i l l ing) . Case B

would provide test samples most likely to result in the formation of a

pro te c t i ve  o i l  l ayer . Both procedures were used to prepare salt-cavity

specimens prior to the transient oil-withdrawal experiments.

Oil-layer thicknesses on the salt cylinders were measured with the

gamma-beam densitometer both before and after each pressurization cycle.

Results showed 6 = 0.3 mm in all cases. No measurable reduction in count

rate was observed during any of the pressurization cycles due to brine

and/or oil penetration into the salt. This fact is consistent with the ex-

tremely low porosity of this material (a .OOl>, which dictated that the

maximum possible increase in path length of either fluid be equal to the

product of the diameter times the porosity (= .005 cm>, an immeasurable

change.

Finally, linear attenuation coefficients for salt, crude oil, and brine

(the latter as a function of dissolved salt content) were measured with the

gamma-beam system. These substances were found to possess l’sufficiently-

d i f f e r e n t ”  P v a l u e s ,  a s r e q u i r e d  f o r  o i l - w i t h d r a w a l  d a t a

interpretation/analysis. However, the attenuation coefficient for brine was

found to be a linear function of dissolved salt content, showing an = 18%

increase from the distilled-water limit to the fully-saturated-brine limit,

consistent with a theoretical increase of = 20% for maximum dissolution of

pure NaCl in pure H20. Consequently, two unknowns appear in the exponential

a t tenuat i on  equat i on ,  6 o r  E, and  uB’ A requirement to independently

measure salinity at the gamma-beam location thus seemed apparent.

Computer simulations of the proposed oil-withdrawal experiments were

then undertaken (recall the geometry of Fig. 2). The gamma-beam equations,

along with measured attenuation coefficients and postulated initial dimen-

sions for the materials of interest, were input to SANSMIC. Three cases for

the onset of salt dissolution at the gamma-beam location were considered:

(1) no time delay (i.e., the salt wall begins to dissolve instantaneously

24



after oil/brine interface passage), (2) infinite time delay (i.e., oil-layer

adherence protecting the salt from dissolution for all time), and (3) finite

time delay (i.e., the oil layer “peels awayV1 at some finite time after in-

terface passage, allowing dissolution to begin). Fluid flow rates and

withdrawal times were the same for all three cases.

Salt-wall recession and brine salinity distributions were predicted as

functions of X and t for all locations beneath the upward-moving oil/brine

interface. (Note: at any X and t, the code assumes brine salinity to be

uniform across the cavity core, consistent with the turbulent, Wfully-mixed11

plume model12,13 . Further, since gamma-beam attenuation is a function of

the integrated path length traversed; the thickness of the concentration

boundary layer on each cavity wall was assumed to be negligible compared to

the overall cavity diameter.) These predictions were then converted to

predicted R(t) responses at a fixed gamma-beam location (chosen to be

“midway’ between the initial and final interface locations). Figure 7 shows

a schematic representation of these predicted R(t) responses for the two

limiting cases (no delay vs. infinite delay). Physical mechanisms which

dictated these responses are reviewed below.

Consider first the “no delay” case. At t = 0, fresh-water injection

was initiated below the brine/oil interface, causing it to rise. As the oil

adjacent to the salt wall moved upwards, the oil in contact with the salt

instantly detached, exposing the salt to dissolution. Prior to interface

passage, the count rate remained constant since no dissolution was occurring

at the gamma-beam location. As the brine/oil interface passed the gamma-

beam location, an abrupt reduction in beam intensity (and thus count rate)

occurred (brine being more dense than oil, and thus a better attenuator).

Salt-wall recession at the gamma-beam location started at this time.

During the time period between interface passage and the cessation of

oil withdrawal, the predicted R(t) response must be viewed in light of three

mechanisms: (1) the continued addition of fresh water, (2) salt addition to

this water from an ever-increasing exposed surface area, and (3) recession

of the salt wall itself. Numerical calculations showed that during this

period, the “competingW effects of fresh-water addition and salt dissolution

25
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into it approximately balanced, resulting in an essentially-constant brine

s a l i n i t y , and thus brine attenuation coefficient, at the gamma-beam

location. Hence, in this portion of the proposed experiment, the predicted

positive slope for R(t) would be due primarily to the continued reductions

in the pathlength of solid salt through which the beam must pass.

At some pre-selected time, oil withdrawal was terminated. The

predicted R(t) response was then seen to undergo an abrupt reversal in

slope, from positive to negative, followed by an l’exponential-like’l decay to

steady-state conditions. Calculations showed that following the cessation

of fresh-water injection, overall beam attenuation would be dominated by

brine. salinity increases over a large beam pathlength (the cavity diameter);

the small additional reductions in the pathlength of solid salt predicted to

occur during this period would have only a minor influence on R(t). As the

brine asymptotically approached a fully-saturated state, and the salt-wall

recession rate went to zero, the slope of the R(t) response likewise ap-
proached zero.

In contrast, consider now the other limiting case, an “infinite delay”

time. As before, at t = 0, fresh-water injection was initiated below the

brine/oil interface. In this case, however, a layer of oil adhered to the

salt wall as the brine/oil interface rose, completely protecting all salt

above the initial interface location from dissolution. Interface passage of

the gamma-beam location again caused an abrupt reduction in beam intensity,

but, in this case, to an R level measurably above that predicted to occur in

the llno-delay” case. The reasons for this difference are twofold. The

dominant reason was directly linked to the absence of salt dissolution at

all locations above the initial interface location, i.e., the water at the

gamma-beam location was predicted to be much less saline than before. A

secondary reaaon was the fact that a finite-thickness layer of oil was as-

sumed to adhere to “both sides” of the cavity, and u0 < ‘B’ (Note:  count
rate levels predicted to occur for the infinite-delay case were found to be

a weak function of assumed oil-layer thickness, 6, as will be demonstrated

later. 1
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During the period between interface passage and the cessation of oil

withdrawal, predicted count rates were seen to be essentially constant (the
small increases in R being a direct result of the continued addition of

fresh water, further reducing the already-low brine salinity). Upon the

cessation of oil withdrawal, the only mechanism available to influence the

predicted R(t) response was molecular diffusion through a stably-stratified

liquid (a process which occurs over an extremely long time scale compared to

transient times of interest here). As a result, the predicted R(t) curve

remained at a quasi-steady-state level notably above that predicted to occur

for the “no-delayV1  case. In quantitative terms, the count-rate difference

between the two predicted steady-state levels was found to be =lOOO

counts/set as compared to experimentally-observed uncertainties (statistical

variations) in R of < 50 counts/set.

Between these two limiting cases, an infinite number of finite-delay-

time solutions exist. Numerical simulations showed that oil-layer
“detachmentl! (and thus the onset of salt dissolution) after some finite-time

delay would result in a rapid increase in brine salinity at the gamma-beam

location. Beam attenuation would thus abruptly increase, resulting in a

clearly-defined “transition1 in the R(t) response (i.e., an abrupt change

from the plateau-like response of  the infinite delay case to the

exponential-like decay witnessed in the zero-delay case).

In summary, these computer simulations showed that the “shape” and

lllevell’ of the measured R(t) response could be used to define the presence,

or absence, of a protective oil layer during the transient oil-withdrawal

process. Independent measurements of brine salinity at the gamma-beam loca-

tion were, in fact, not required. Corroborating physical evidence to
support conclusions reached in this manner would be sought from post-test

sectioning and examination of each salt cavity tested.

The experiment thus appeared feasible and the apparatus of Fig. 2 was

built.
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EXPERIMENTAL RESULTS
Figure 8 shows a photograph of the traversable gamma-beam densitometer,

and the test vessel, used in the present research. The source and detector

vaults were mounted on opposite sides of a U-shaped, vertically-traversable

platform. The gamma-beam path from source exit to detector entrance was ac-

curately aligned upon system assembly, and thereafter remained invariant.

The platform was positioned so as to straddle the test chamber, itself held

in a separate support/alignment mechanism rigidly mounted to the laboratory
wall. The test vessel centerline was accurately aligned with the beam path

through vernier adjustments on both the test-chamber and platform

mechanisms. Once aligned, the gamma beam could then be traversed along the

entire vertical axis of the experiment (maximum system traverse of = 80 cm,

with an absolute location accuracy of f .005 cm, as defined by laser time-

of-transit calibrations). The platform drive mechanism and the counting

electronics were both linked to a microcomputer, thereby allowing a
preprogrammed sequence of beam locations and data-acquisition times to be

implemented. Resulting R(X) and R(t) files were both printed and stored for

subsequent analyses.

Figure 9 shows a photograph of a salt-cavity test specimen. The inter-

nal surfaces of each cavity were “preconditioned11 via a 30-second exposure

to fresh water in order to remove the “as-machined” surface finish. All

dimensions of the test sample were then measured (via micrometer) prior to

its placement in the pressure vessel. Saturated brine and crude oil were

then introduced into the cavity according to one of the impregnation cycles
described earlier (Fig. 6). Table 1 summarizes the test conditions utilized

during each of the four separate oil-withdrawal experiments that were

conducted.

It should be noted that present test conditions were consistent with

criteria reported by Saberian’ for the attainment of a turbulent injection

plume and turbulent natural convection in the wall boundary layer.

Oil/brine interface velocities bracketed values proposed for actual field
operations. The imposed pressure was consistent with actual cavern levels

and all experiments were run at a constant temperature of 23OC.
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SUMMARY OF TEST CONDITIONS

EXP.

SPR 1

SPR2
z

SPR3

sPR4

PRESSURIZATION
HISTORY

(FLUID/ATM./DAYS

SAT. BRINE/ 137/2
OIL/l37/2

I SAT. BRINE/ 137/2
OIL/ 13712

SAT. BRINE/ 137/2

1 OIL/ 13712

OIL/l37/2

PO
WCC)

.872

.813

.813

.813

X I, i
(IN.)
(cm)

1.45
(3.68)

1.45
(3.68)

0.90
(2.29)

1.30
(3.30)

-
Q WD

[cclmin.)

2.86

12.95

32.44

14.84

t WD
(min.:

90

22

19

6.41 1
(16 284 .084.

I
I

6.94
[ 17.62) l 38o

6.53
.953

(16.59)

6.71:i
[ 17.04) n 434

I

TABLE 1



In this report, detailed results from experiment SPB2 will be shown as

representative of all four experiments, in that all four yielded the same

basic R( t> response. Consequently, all four experiments support the same

conclusion, independent of pressurization history, oil density, initial in-

terface location, and interface velocity.
Figure 10 shows the “initial” count-rate scan for SPR2, plotted versus

the gamma-beam coordinate, XY. This distribution was measured after the

stated pressurization history and immediately prior to oil withdrawal. Two

“plateaus,” one for the saturated-brine pocket and one for the overlying

crude oil, are evident. These two regions are separated by a steep linear

increase in count rate, “spread”  over several beam diameters, the center of

this ramp defining the initial interface location. This initial R(XY) scan

was analyzed, via the exponential attenuation law for the system, to solve

for uS(XY),  the attenuation coefficient distribution for the salt sample.

Such distributions did show spatial non-uniformities, consistent with the
material’s geologic origin.

The precise location of both the cavity bottom and top were Wmaskedl’  by

an increase in beam attenuation due to the vessel flanges (note the drop-

offs in R at each end of this measured distribution). This experimental

limitation necessitated a separate coordinate-calibration experiment. In

this calibration, an aluminum test specimen, which possessed dimensions

identical to the salt-cavity models, was used. Grooves of known dimensions,
at known distances from the cavity bottom , were machined into the metal. A

scan of this model (positioned inside the pressure vessel) yielded the re-

quired relationship between X and XY, namely X - XY - 5.84 cm. The initial

location of the interface relative to the cavity bottom was thus precisely

defined.

Figure 11 shows the transient R(t) response for SPR2, as measured at a

station 10.03 cm from the initial cavity bottom. All the characteristic

features of a “no-delay”  response are clearly evident (recall the schematic

of  Fig.  7). The crude oil did not protect the salt from dissolution
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following interface passage. Comparisons of experimental results with

numerical predictions will be shown in the next section.
Figure 12 shows the measured post-test (equilibrium) count-rate dis-

tribution for SPR2. (Note: to ensure saturated-brine conditions, final

scans were taken approximately twenty-four hours after the cessation of oil

withdrawal.) Shown for reference are the initial cavity bottom, the initial

and final interface locations , and the pre-withdrawal count-rate level (as

measured through saturated brine and the initial thickness of solid salt).

(Note: the final interface location could not be inferred directly from

this measured R(X) distribution due to “flange maskingl’ of the signal, as

discussed earlier. Hence, it was calculated based on the measured volume of

oil recovered from the cavity, accounting for compressibility effects.)
As can be seen in Fig. 12, measured post-test count rates, at all loca-

tions beneath the final oil interface, were found to be greater than the

pre-test level. Since the liquid internal to the cavity, and below the oil,

was saturated brine in both cases, these increased count rates could only be
attributed to a reduction in the thickness of solid salt (i.e., salt-wall

recession occurred at all locations exposed to unsaturated brine during the

oil-withdrawal process). Having previously measured the ps(X) distribution,

this post-test R(X) distribution was then used to solve the attenuation

equation for e(X), and thus the final cavity shape (results to be shown

below).

Figure 13 shows a post-test, sectioned view of the SPR2 salt cavity.
Some asymmetry (preferential pitting) was observed, possibly due to non-

uniform deposits of solubles other than NaCl. By measuring the outer
diameter of the cylindrical sample both before and after sectioning, the

cut-plane thickness was determined. Radial distances (depths) from the cut

plane surface to the cavity wall were measured as a function of X along the

centerline of each cavity half. These radial depths were added to one-half
the cut-plane thickness, then averaged, to derive a final cavity shape,
r(X). I

36



SPR2 0

I I t=oo I
1 INITIAL 1 I
k CAVITY I OIL/SATURATED BRINE I
1 BOITOMI INTERFACE LOCATION 0 I
I Iv (INITIAL)

I
I (FINAL) v
I I 0 I
I I I
I OP

Mm0
I

I 0
O0

I 0
000

00000 0000000 1
I I I
I
w - m m - - -

l t
m - - w - - - - m - - - 1

I I L R LEVEL FOR INITIAL SALT THICKNESS 1
I 0 I I
I I I

80 I I I I I I 1 I
2 3 4 5 6 7 8 9 10 (IN)

1 I I I I I I I I 1 I I

4 6 8 10 12 14 16 18 20 22 24 26 (cm)

*Y
FIG. 12: Measured Count-Rate Distribution, SPR2, t=OO



38



Figure 14 shows a comparison of final cavity shapes, as measured both

by sectioning and by the gamma-beam system. The radial scale has been mag-

nified by a factor of five over the vertical scale to better illustrate

cavity features. Agreement between these two measurement techniques is seen

to be excellent, proving that the gamma-beam technique can accurately

measure cavity shape change.

As can be seen in Figs. 13 and 14, “undercuts”  formed at both the

i n i t i a l  a n d  f i n a l  i n t e r f a c e  l o c a t i o n s . Both of  these undercuts

are attributed to the same basic phenomenon, fresh water rising vertically

to its maximum allowable position (i.e., the overlying oil blanket) where it

stagnated, preferentially etching the salt. On vessel pressurization to

13.9 MPa, the liquids in the cavity compressed, the solid salt compressed,

and the test vessel expanded, all to a minor, but non-negligible extent,

thereby allowing some small volume of fresh water to enter the vessel.

Resultant salt dissolution at the initial interface location increased the
cavity volume ,an incremental amount, allowing still more fresh water to

enter. This sequence of events asymptotically ceased upon the attainment of

equal pressures in the two vessels and the attainment of saturated-brine

conditions within the salt cavity. Similarly, upon the abrupt cessation of

oil-withdrawal, the final increment of injected fresh water was trapped

beneath the overlying oil, etching the uppermost groove. Between these two .

interface locations, essentially uniform salt recession occurred.
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COMPARISONS WITH NUMERICAL PREDICTIONS
SANSMIC 'O"' was used to generate numerical predictions for both the

transient R(t) response and the steady-state r(X) shape for each oil-

withdrawal experiment. Comparisons with the experimental results presented

in the previous section are discussed here.

Figure 15 shows data comparisons with R(t) predictions for the two
limiting cases, no delay and infinite delay. The infinite-delay case was

run for two assumed oil-layer thicknesses, one matching present gamma-beam

measurements (6 = .03 cm> and one a factor of 3.33 larger, in order to

demonstrate the weak dependence of the predictions on this parameter.

Although some minor discrepancies between the no-delay predictions and the

data can be seen, overall agreement with this case is clearly evident.

Between interface passage and the Cessation of oil withdrawal, the measure-

ments exhibit a slightly-greater slope than the predictions. This

difference is most likely a result of the modelling in the code which as-

sumes a ‘1fully-mixed11 plume, and thus does not attempt to model radial

variations in brine salinity. While such an assumption is justifiable on a

cavern scale, such conditions may not have been achieved in the laboratory-

scale experiments. In the present case, the core of the buoyant plume may

have contained water of a somewhat lower salinity than the surrounding liq-

uid, causing a path-length integrated beam attenuation somewhat less than

predicted to occur under llfully-mixedI1 conditions. Immediately following

the cessation of oil withdrawal, however, both the data and the predictions

show an immediate, exponential-like decay to the same steady-state count

rate, demonstrating excellent agreement with respect to total wall recession

at the gamma-beam location.

Figure I6 shows a comparison of final cavity shapes, predictions having

been made under the “no-delay”  assumptiop. In order to model the “undercut”

phenomenon which occurred during cavity pressurization, an injection of 10

cubic centimeters of fresh water into the brine pocket, followed by a 30

minute time delay, were specified prior to the onset of oil withdrawal.

Total salt-wall recession everywhere above the initial interface location

was well  predicted, the only discrepancies occurring in the region
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immediately below the final interfaoe location, where recession was
underpredicted. This underprediction is attributed to “plume effects,”

large-scale modelling versus laboratory-scale experiments.

In order to expand further on this issue, three additional experiments

were conducted to investigate salt-cavity leaching in the absence of any
overlying crude oil (the only variable in these experiments being the rela-

tive vertical position of the injection and withdrawal lines). Transient

and steady-state data for “direct” leaching (injection below withdrawal) and

“reversel’ leaching (injection above withdrawal), in comparison with numeri-

cal predictions, will be reported in a subsequent report 15 .
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CONCLUSIONS
Oil/brine/salt interactions were experimentally investigated in the

laboratory in support of the U.S. Strategic Petroleum Reserve program. As a

result of these experiments, and through comparisons with numerical predic-

tions, the following observations were made:

1. Oil layer adherence, and/or penetration, did not protect salt

surfaces from dissolution following oil/brine interface passage. Therefore,

the oil-withdrawal technique studied here, when applied in actual field

operations, should not adversely affect cavern shape change.

2. Measured and predicted post-test cavity shapes were found to be in.
good agreement, further validating the SANSMIC code 10,ll for use in SPR

program applicatibns.

.
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